DETROY, R. W., S. FREER, and A. CrEGLER. 1973. Aflatoxin and anthraquinone biosynthesis by nitrosoguanidine-derived mutants of Aspergillus parasiticus. Can. J. Microbiol. 19: 1373Microbiol. 19: -1378. The mutagen N-methyl-N'-nitro-N-nitrosoguanidine (NG) was shown to produce mutants of Aspergillus parasiticus NRRL 2999 that have an altered secondary biosynthesis capacity and nutritional requirements. Incubation of A. parasiticus (1 x 10 8 ) spores in 0.02% nitrosoguanidine for 60 min resulted in induced nutritional auxotrophs to a maximum frequency of 8% at 5% survival. Some 0.5% of the 5% survivors lacked the ability to synthesize aflatoxin; however, no other fluorescent metabolites were detected from these mutants. Another group of mutants was isolated that gave a red anthraquinone, subsequently identified as norsolorinic acid (NOR) and representing up to 3-4% of the mycelial dry weight mass. The wild-type high aflatoxin-producing strain yielded a small quantity of this pigment; however, all the NOR mutants synthesized limited amounts of aflatoxin B 1 or none at all. Further mutagenesis of NOR mutants resulted in survivors still with reduced aflatoxin elaboration ability. These mutants also gave small quantities of the methoxylated pigment, solorinic acid. The wild-type A. parasiticus NRRL 2999 strain yields 50 times more aflatoxin B 1 than NOR pigment, whereas the derived NOR mutants synthesized 100 to 200 times more NOR than aflatoxin B 1 • The synthesis of NOR in the induced NOR mutants paralleled growth, whereas aflatoxin B 1 production occurs typically as growth begins to decline (biphasic synthesis). Such data indicate a possible metabolic block of secondary biosynthesis in NOR mutants since both NOR and aflatoxin B 1 are acetate-derived polyketide metabolites. [Traduit par Ie journal] 
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(1) mutants with altered seco;dary metabolitp roduction; (2) nutritional auxotrophs; and (3) anthraquinone-producing mutants of A.
parasificus.
Materials and Methods

A1icroorganisln
An aflatoxin-producing strain of A. parasiticus (NRRL 2999) was maintained on potato dextrose agar (PDA) throughout this study. Periodically, a batch of spores was prepared by inoculating PDA in a Roux bottle with a spore suspension from PDA slants. After 6 days of incubation at 28°C, the spores were washed from the agar surface with an aqueous solution of 0.01 % Triton-X. These spores were then washed on an HA filter (Millipore Corp., Bedford, Mass.), 6 microns (Il), with 0.01% Triton-X, resuspended in 0.01% Triton-X, and stored at 6°C.
lv!edia
The synthetic minimal medium (syn MM) needed for testing for possible auxotrophs contained 50 g glucose, 3 g (NH4hS04, 10 g KH2P04, 2 g MgS0 4 '7H 2 0, 0.5 mg (NH4)6M07024'4H20, 0.3 mg Fe2(S04h·6H20, 0.3 mg CuS04'5H20, 15.0 mg ZnS04'7H20, 1.0 mg boric acid, 11.0 mg MnS04'4H20, and 1 liter of distilled water. The composition of the complete medium (CM) included 109 casein digest (NZ case), 5g yeast extract, 2 g MgS0 4 ·7H 2 0, 3 g K 2 HP0 4 , 1 g KH 2 P04, 5 g glucose, and trace elements in I liter of distilled water. Amino acids and carbon sources were added to syn MM before autoclaving. A 100-fold concentrated vitamin solution (4), sterilized separately by membrane filtration (Seitz), was added after sterilization of the liquid medium.
j'v!utagenesis
About 10 8 spores were inoculated into 10 ml of 0.05 M potassium phosphate buffer (pH 6.8) containing 10 mg NG and incubated at 28T on a rotary shaker (250 rpm). At various time intervals, 0.2-ml samples of the suspension were withdrawn and diluted with 10 ml of 0.1% cysteine solution to inactivate the mutagen (4, 5) . After further appropriate dilutions, plate counts were made on CM agar to determine the rate of killing.
After 60 min of mutagenesis, the spore suspension was washed with three volumes of 0.1 % cysteine solution and filtered on an HA filter (Millipore Corp.). These spores were then resuspended in 0.01% Triton-X solution and transferred to syn MM to allow the heterotrophs to germinate and grow for 48 h. This suspension was then filtered through glass wool to separate the vegetative hyphae which adhere to the glass wool from the un- 
Auxotrophic jv!utants
The resulting spores were suspended in phosphate buffer and plated on complete medium (CM). After incubation for 4-5 days and conidia formation at 28°C, spores were transferred from individual colonies onto syn MM and CM. Isolates growing on CM but not on syn MM were then plated on the syn MM, plus mixtures of vitamins, amino acids, and carbon sources. Mutants that grew on syn MM, plus a complete amino acid mixture, were screened for a structural amino acid growth requirement by auxanography. Spores of such amino acid requiring isolates were transferred to syn MM agar containing four groups of five different amino acids and incubated at 28°C (6) . When a growth response to such a mixture occurred, the specific requirement was determined with individual amino acids. Those isolates that grew on syn MM, plus vitamins or specific carbon sources, were analyzed in an analogous fashion for auxotrophy.
Morphological and Phenotypic Mutants
All survivors of mutagenesis treatment were plated on CM agar and selected on the basis of aberrant morphology, spore pigmentation, pigment formation, and ability to produce the aflatoxins. All mutants selected on the basis of these criteria were classified and assayed for aflatoxin synthesis. Some anthraquinone-positive mutants were subjected to further mutagenesis in attempts to obtain auxotrophs that were both norsolorinic acid (NOR) positive and aflatoxin B 1 negative.
Growth Tests
All survivors of the mutant procedures by enumeration recovery were tested for their ability to grow on syn MM and CM. All cultures were incubated on a rotary shaker at 28°C for 6 days in 15 mlliquid medium, harvested, and assayed for either aflatoxin or anthraquinone synthesis, or both. Time-course studies for following toxin, NOR synthesis, and total dry weight were conducted in 500-ml Erlenmeyer flasks containing 100 ml of either syn MM orCM.
Isolation and Determination 0/ Anthraquinone
The NOR anthraquinone produced by a number of A. parasiticus mutants was isolated and purified by methods described under Results and Discussion.
Analyses
Mycelial dry weights were determined by filtration through previously dried and weighed Whatman No. 541 filter paper. The mycelia were dried for 2 h at 100'C, cooled, weighed, and extracted with CHCl 3 -methanol for NOR. The spent assay medium and mycelial washings from filtration were extracted with chloroform for aflatoxin B 1 analysis. The chloroform extracts were evaporated to dryness in a flash evaporator, and the residue was redissolved in a given volume of CHCI 3 • The various aflatoxins were separated on preparative thinlayer silica gel G-HR chromatoplates with 20% acetone in CHCh used as developer. The aflatoxin B, band was scraped off the plate and eluted from the gel with methanol, and the concentration of toxin measured spectrophotometrically (7) at 362 nm with a Beckman-DB spectrophotometer. The NOR band was scraped off the plate and eluted from the gel with chloroform, and the concentration of the anthraquinone determined spectrophotometrically at 465 nm (I; = 0.67 X 10").
Chemicals
Casein digest, yeast extract, and agar were Difco products. NG came from Aldrich Chemical Co., Inc., Milwaukee, Wis. l"C-I-C-acetate was purchased from International Chemical and Nuclear Corp., Waltham, Mass.
Results and Discussion
Mutagenesis
The lethal action of 0.02% (wjv) NG on A. paras/ticus conidia is expressed in Fig. 2 with a 1.5% survival in about 50 min. NG proved to be a powerful inducer of mutations since, after a 50-min treatment, auxotrophic mutants were consistently found among the survivors. About 80% of the auxotrophs could be classified with the methods previously described. Requirements for four different amino acids (methionine, arginine, cysteine, and lysine) were isolated, plus mutants with various vitamin requirements. At least 15 auxotrophic mutants were recognized by replica plating (8) and single replicate transfer. Further characterization revealed 200 other nonnutritional mutants that were isolated and classified. The most interesting non-auxotrophic mutant was a NOR-synthesizing mutant of A. parasiticus 2999 with altered aflatoxin-synthesizing ability. All mutants derived from this J-B-8 mutant strain were designated by the letter J.
GrOlvth Tests
All mutants chosen (some 500) were tested quantitatively for their ability to grow and produce aflatoxins in CM. All the mutants tested grew satisfactorily on CM; how'ever, many isolates lacked the ability to synthesize aflatoxin. No other fluorescent metabolites were detected by thin-layer chromatography (TLC) analysis from the aflatoxin-negative mutants. Some 10% of the mutant isolates produced lesser quantities of aflatoxin compared to the wild-type strain NRRL 2999. Table 1 represents The J mutants with altered aflatoxin-synthesizing ability produced large quantities of NOR. These mutants were initially suspect since no NOR had been detected in the wild-type strain. However, by scaling up the fermentations .'" the presence of detectable quantities of the NOR in the wild-type organism was revealed. The J-B-8 mutant was subsequently used in further mutagenesis experiments, and to confirm the major pigment as NOR found by Lee et al. (9) in an ultraviolet (uv) mutant of A. parasiticus. All mutants derived from A. parasiticus J-B-8 produced only limited quantities of aflatoxin or none.
Identification of the Red Pigment as NOR
The mutant strain J-B-8 was grown in mass at 28°C for 96 h on 100 ml of syn MM. The extraction of the orange-red pigment with chloroform-methanol (8 :2, vjv) was continued until the mycelia was colorless. After the chloroformmethanol extracts were filtered through sodium sulfate to remove water, they were evaporated to dryness. The residues were combined and 200-mg portions in chloroform were chromatographed on a 100-200 mesh silicic acid column (5.0 x 30 cm). The pigment band was eluted with 9: I (vjv) chloroform-methanol, crystallized from the eluate, washed with methanol, and then recrystallized from acetone.
On a dry weight basis the pigment represents 3 to 4% of the mycelial mass. It melts at 257-258°C; uv MeOH max.; nm (8) = 265 (16600), 281 (17300),313 (23000),465 (6700). Its molecular formula was established by high-resolution mass spectrometry; the largest mass peak observed at mje 370 and the mass, calculated for C2oHrs07, was 370. The pigment was cochromatographed with an authentic NOR sample. Moreover, spectral data of an authentic sample of NOR are superimposable with the pigment isolated from the J-B-8 mutant. Small amounts of the methoxylated compound, solorinic acid, were detected by TLC, cochromatography analysis, and the presence of methoxyl group via mass spectrometry. The structures of these two anthraquinones appear in Fig. 3 .
Since all NOR mutants produced little or no aflatoxin, we investigated the relative production of NOR to aflatoxin B r in selective mutants and the wild type. A comparison of B r and NOR synthesis by the J-B-8 mutant to the wild-type strain is made in Fig. 4 . The wild-type strain exhibited the typical biphasic synthesis for aflatoxin, with little NOR synthesis; in contrast, the J-B-8 mutant synthesized NOR parallel to biomass production, but only minimal B r . This difference suggests a possible metabolic defect for either NOR or B r synthesis or both, combined with the over synthesis of NOR. The wild-type strain produces 50 times more aflatoxin B r than NOR, whereas most of the induced NOR mutants synthesized 100 to 200 times more NOR than B r . Possibly, NOR mutants (both slightly B j positive or nondetectable) may not have impaired aflatoxin-synthesizing ability but rather NOR biosynthesis may begin early in the development of the organism and drain the acetate and (or) acetyl CoA pools required also for B r synthesis, which occurs later. These NOR mutants also do not appear to be susceptible to nitrogen repression since NOR is synthesized in the presence of available N.
The biological derivation of various substituted anthraquinones from the acetate-malonate pathway has been reported by a number of workers for strains of A. versicolor and A. parasiticus (11) (12) (13) (14) (15) (16) . Isolation of the anthraquinones, averufin and versicolorin (Fig. 5) , from a toxin-producing strain of A.flavlis shows 
/tã
close precursor link between this species and A. versicolor (11) . Donkersloot and co-workers (16) isolated a mutant of A. parasiticus that produces large quantities of averufin and lesser amounts of aflatoxin.
These two organisms also produce the xanthone, sterigmatocystin, which other workers view as a plausible biogeniter to aflatoxin. Elsworthy and co-workers (10) showed that 14 C-Iabeled 5-hydroxydihydrosterigmatocystin was incorporated into aflatoxin B z . The cooccurrence of sterigmatocystin and the anthraquinone versicolorins in these toxigenic A. parasiticus strains suggests that the xanthone may be biologically derived from an anthraquinone or related precursors.
Any plausible biogenetic scheme to account for the formation of bisfurano anthraquinones and related bifuran compounds must also take into account the finding that the various Aspergillus strains tested produce varying amounts of these polyketides. Perhaps the biogenetic pathways for versicolorin C, averufin, NOR, sterigmatocystin, and aflatoxins diverge or branch at an early state; that is, a modification of polyketide ring compounds derived from head-to-tail condensation of acetate. Figure 5 illustrates the possible pathways that may exist in such a ubiquitous fungi as A. parasiticus as regards anthraquinone and aflatoxin biosynthesis. Since all J mutants produced little or no aflatoxin, aflatoxin synthesis may be blocked resulting in a channeling of polyketide precursors toward anthraquinone biosynthesis early in the fermentation.
Donkersloot and co-workers (16) observed a similar impairment of aflatoxin synthesis in an averufin over-producing mutant of A. parasiticus. These collective observations for anthraquinone mutants favor a scheme of multiple channeling of acetyl-CoA moieties required for secondary polyketides toward anthraquinones. NOR may not be precursor to aflatoxin synthesis since amounts of the pigment were negligible during wild-type fermentations; in addition, all NOR mutants synthesized only small quantities of aflatoxin or none at all.
Our initial studies (17) on the regulation of aflatoxin biosynthesis indicated a requirement for de novo enzyme synthesis for aflatoxin synthesis; therefore, a genetic lesion in polyketide transformation for aflatoxin could favor an anthraquinone pathway, result in the overproduction of NOR, and impair aflatoxin biosynthesis. The coexistence of bisfurano anthraquinones, xanthones, and aflatoxins in strains of A. parasiticus and their overproduction in various mutants suggest a close biogenetic relationship of these compounds which diverge early from common ring polyketide precursors.
